Carrying out polymerase chain reaction in a gel layer generates a 2-D pattern of DNA colonies comprising pure genetic clones. Here we demonstrate that transcription, translation and protein folding can be performed in the same gel. The resulting nucleoprotein colonies mimic living cells by serving as compartments in which the synthesized RNAs and proteins co-localize with their templates. Yet, due to the absence of penetration barriers, such a molecular colony display allows cloned genes to be directly tested for the encoded functions. Now, the results imply that virtually any manipulations with genes and their expression products can be accomplished in vitro.
INTRODUCTION
Recent developments in genomics, proteomics and molecular engineering highlighted the importance and advantages of in vitro approaches, including PCR (1), microarray technology (2,3), cell-free protein synthesis (4-7) and in vitro display techniques (8) (9) (10) (11) for systematic studies on gene expression and regulation, protein structure and function and selection of proteins and peptides that possess desired properties. In vitro methods provide for greater variation and tighter control of experimental conditions by a scientist than their in vivo counterparts; they are faster and more amenable to automation; are free from constraints imposed by living cells or cloning vectors; are less susceptible to natural selection; and allow larger DNA, RNA or protein libraries to be handled. Moreover, they permit modified nucleotides or amino acids, and even their unnatural analogs to be incorporated into nucleic acids and proteins, in order to specifically label them or to further expand their structural repertoire (12, 13) . By now, in vitro format has been implemented for almost every process involved, with the only, but important exception: isolation of individual molecular clones from DNA or RNA pools obtained by in vitro manipulations, as well as expressing and screening the clones in situ, is still performed using living cells, thus restricting the power of in vitro methods.
Here, we describe an approach that eliminates this restriction. It is based on the molecular colony technique (MCT) capable of generating a 2-D pattern of colonies of nucleic acids by amplifying them in a gel layer, each colony comprising many copies (a clone) of one starting RNA or DNA molecule (14, 15) . Earlier, MCT was employed for studies on chemical reactions between single RNA molecules (16) , single nucleotide polymorphism genotyping and gene expression analysis (17, 18) , massively parallel sequencing of DNA fragments (19) , studies on alternative pre-mRNA splicing (20) , and extremely sensitive and reliable diagnostics (21, 22) . In this paper, we demonstrate that DNA clones can be transcribed and translated within their home colonies and screened according to properties of the expression products.
MATERIALS AND METHODS

Growing DNA colonies
PCR was performed essentially as described previously (21) in 0.4 mm-thick, 14 mm-diameter polyacrylamide gels of specified concentrations, containing 50 mM Tris-HCl (pH 8.6 at 25 C), 1 mg/ml BSA (fraction V, Amersham Biosciences), 2.5 mM MgCl 2 , 0.2 mM each of dNTP, 3.6 ng/ml of Taq DNA A polymerase (from Thermus aquaticus), 0.02 ng/ml Pwo DNA polymerase (from Pyrococcus woesei) modified by a His 6 tag at the N-terminus (23) , as well as a template and appropriate primers described in Supplementary Data. The DNA polymerases used in this work were isolated as described (21) . The gel was subjected to 40 cycles of PCR [melting at 94 C for 20 s, annealing at 55 C for 20 s and extension at 72 C for 90 s (obelin cDNA) or 150 s (luciferase and green fluorescent protein (GFP) cDNAs)], followed by incubation at 72 C for 5 min. DNA colonies were detected by blotting the gel with a HybondÔ N + membrane (Amersham Biosciences), hybridizing it with a 32 P-labeled transcript synthesized from a corresponding plasmid with T7 RNA polymerase (16), and either autoradiographing or scanning the membrane with the CycloneÔ storage phosphor system (Packard Instrument).
Synthesis of luciferase cDNA
Total RNA from dried lanterns of firefly Luciola mingrelica (24) (25) . Because the resulting RNA preparation could not be completely dissolved in 0.5% SDS and 0.1 mM EDTA, it was additionally extracted with phenol (3 times), then twice washed with chloroform and precipitated with ethanol. The resulting pellet was washed with 96% ethanol, dissolved in 0.1 mM EDTA, and used for reverse transcription with the SuperScript RNase H À Moloney murine leukaemia virus reverse transcriptase kit (Invitrogen) according to the manufacturer's protocol, in 5 ml reactions containing 0.5 mg of the total firefly RNA and 0.25 mg oligo(dT) [12] [13] [14] [15] [16] [17] [18] .
Transcription in molecular colonies
After drying a PCR gel in vacuo, it was overlaid with 65 ml of a reaction mixture containing 100 mM Tris-HCl (pH 8.0 at 25 C), 20 mM MgCl 2 , 1 mM spermidine, 0.2 mM EDTA, 40 mM DTT, 4 mM each of rNTP and 50 ng/ml T7 RNA polymerase, and incubated at 4
C for 1 h, to allow all liquid to be entrapped. Transcription was carried out by incubating the gel at 37 C during 2 h, and monitored by blotting the gel with a HybondÔ N + membrane and hybridizing the membrane with an appropriate 32 P-labeled antisense mRNA sequence.
Combined transcription-translation in molecular colonies
Before drying a PCR gel in vacuo, it was twice extracted during 10 min with at least 20 volumes of a saline alcohol [a 45:55 (v/v) mixture of ethanol with 200 mM Na-citrate, 300 mM NaCl and 0.4 mM EDTA] (21) and then 3 times with a 50% ethanol. The dried gel was overlaid with 65 ml of a reaction mixture containing 30% (v/v) wheat germ lysate (from a Wheat Germ CECF Kit, Roche Diagnostics), 25 mM HEPES (pH 7.6), 2.5 mM MgCl 2 , 20 mM K-acetate, 1.6 mM DTT, 2 mM ATP, 1 mM GTP, 1 mM CTP, 1 mM UTP, 0.25 mM spermidine, 8 mM creatine phosphate, 60 mg/ml of creatine phosphokinase, 0.1 mM each of amino acid, 50 mg/ml yeast tRNA and 35 ng/ml T7 RNA polymerase. The reaction was carried out by incubating the gel at 25 C. Fluorescence of the synthesized GFP was monitored by scanning the gel at an indicated time intervals using a ScanArrayÔ Express microarray scanner (Perkin-Elmer) equipped with a 488 nm blue laser and a 508 nm emission filter.
RESULTS
For the purpose of the present study it is essential that molecular colonies mimic living cells by the ability to compartmentalize biochemical reactions (26) . Hence, if one succeeded in carrying out in molecular colonies all reactions constituting the amplification and expression of entire genes, this would provide for both obtaining gene clones and screening them by the properties of co-localized expression products.
To achieve this goal, we used the PCR version of MCT (15, 21) , also termed 'polony' technology (27) , whose template specificity is solely determined by pre-selected oligonucleotide primers matching the boundaries of DNA or RNA sequence(s) to be amplified. Since PCR involves repeated sample heating, thermostable media, such as polyacrylamide gel, must be used. Molecular colonies form because the gel matrix retards the motion of reaction products. This, in turn, may slow down gene amplification and expression reactions by obstructing the mobility of participating reagents and catalysts, especially of such giant biomolecules as ribosomes. Accordingly, the major concern regarding the feasibility of this approach was whether the yield of each of the contributing reactions (PCR, transcription and translation) would be high enough to enable the expression products in individual colonies to be tested. Therefore, we sought a polyacrylamide gel with the highest porosity, at which DNA colonies remain acceptably compact (see Supplementary Figure 1 ). In such a gel, almost every DNA molecule of up to 1.6 kb in length produced a colony of up to 10 8 of its copies ( Figure 1 ). Pwo DNA polymerase (23) was included into the gel together with Taq DNA polymerase to improve the yield and fidelity of amplification (28) .
The potential of MCT was explored by cloning a 1700 ntlong luciferase mRNA sequence from the total RNA prepared from dried lanterns of firefly L.mingrelica (24) . Oligo(dT) served as a primer for reverse transcription of all the poly(A)-containing mRNAs, and the resulting cDNA preparation was used, in combination with sequence-specific oligonucleotide primers, for in-gel amplification of luciferase cDNA. A number of colonies hybridizable with a specific probe were produced by as low as 10 pg of total RNA (Figure 2a ) which approximates the RNA content of an animal cell (29) . This suggests that for MCT cloning, one can use the genetic material of a single cell without preliminary amplification, which is not achievable with in vivo cloning techniques because of a low sequence recovery, between 0.01 and 0.0001% of the input population (30) . Figure 2b shows that material picked from colonies can be further amplified by the solution PCR to produce full-size luciferase cDNA capable of hybridization with a sequence-specific probe.
For practical use of MCT cloning it is important that cloned genes can be expressed and tested according to the encoded functions. However, proteins and nucleoprotein complexes responsible for transcription and translation would irreversibly denature at the high temperatures employed in PCR. Hence, gene amplification and expression steps must be separated, which could be done by a variety of means. For example, amplified genes could be expressed in another gel, to which the contents of DNA colonies are partially transferred either through a direct contact with the amplification gel, or by using a blotting membrane. However, because of a low efficiency of transfer (see Supplementary Figure 2) , the highest yield of expression can be achieved when genes are expressed in situ, in the same gel in which PCR had been carried out. We approached this goal as follows: after completion of PCR, the gel was dried and then reconstituted by soaking in a solution containing the components of a cell-free expression system. This approach allowed us to perform in situ transcription, the first step of gene expression, with the colony pattern being perfectly preserved (Figure 3a) . Judging by the increase of hybridization signal, at least 10 RNA copies of 1.7 kb in length were synthesized by phage T7 RNA polymerase per each DNA template.
However, using the same approach, we were unable to detect any protein synthesis in molecular colonies. In order to investigate reasons for this failure, we carried out a series of experiments on cell-free translation and combined transcription-translation, both in solution and in polyacrylamide gel. In the latter case, PCR colonies were mimicked by spotting the dried gel with miniature aliquots of a serially diluted mRNA or plasmid from which the fragment to-beexpressed was excised with restriction exonucleases (Figure 3b) . The results (see Supplementary Figure 3) show that translation occurs in polyacrylamide gel almost as efficiently as in solution. At the same time, every constituent of the PCR cocktail inhibits translation to a certain extent, with the buffer component being the most powerful inhibitor because of mutually exclusive pH requirements of PCR and translation. We found the following effective and simple solution of this problem: before drying the PCR gel, it is extracted with a saline alcohol and then desalted by washing with ethanol. This treatment eliminates the inhibitory action of PCR reagents (Figure 3b ), in agreement with our earlier observations that saline alcohol is capable of extracting a variety of low molecular weight substances and proteins from nucleic acid pellets (21, 22) . Also, this fixes DNA molecules within their home colonies.
We tested performance of the modified procedure by expressing the colonies generated by in-gel amplification of DNA fragments coding for the GFP from jellyfish Aequorea victoria, taking advantage of the ease of functional assay for this protein. The best results were obtained when we used a combined transcription-translation system comprising T7 RNA polymerase and wheat germ lysate, which is essentially free from nuclease activities (7) . The specific GFP fluorescence can be observed in a real-time mode; it becomes detectable by the first hour of reaction and levels off after 2 h (Figure 3c ). The number of fluorescing spots correlates with P-labeled antisense luciferase mRNA probe was hybridized with molecular colonies immediately after PCR (left membrane), or after PCR followed by transcription (right membrane). The autoradiography exposure time was adjusted to optimally view the transcription gel. (b) Removal of the inhibitory effect of PCR components by extracting the gel with saline alcohol as described in Materials and Methods. Shown are storage phosphor images of 14 C-Leucinelabeled products of combined transcription-translation in gels that were spotted with indicated amounts of DNA template and treated as indicated. (c) Synthesis of a functionally active GFP in molecular colonies. After PCR, gels containing colonies of GFP cDNA were extracted to remove PCR reagents capable of inhibiting translation, dried, impregnated with the components of cell-free transcription and translation systems, and incubated at 25 C during the indicated time. Synthesis of the functionally active GFP in molecular colonies was monitored by detecting the specific fluorescence with a scanning fluorometer. The originally black and white images were computer-colored to mimic the natural fluorescence of GFP. (d) To locate colonies of GFP cDNA, the gels shown in (c) were blotted with nylon membranes, and the membranes were hybridized with a sequence-specific radioactive probe. the number of template molecules introduced into the gel. Furthermore, gel images obtained by monitoring the fluorescence (Figure 3c ) and by sequence-specific probe hybridization (Figure 3d ) are nearly identical, indicating that fluorescence is emitted by the colonies of GFP-encoding DNA fragments and, hence, that in situ expression of those fragments resulted in the synthesis and folding of a functionally active protein.
Time course of the fluorescence emission by colonies follows the kinetics of maturation of this GFP variant (31) corrected for the time needed for GFP synthesis in solution (see Supplementary Figure 4) , suggesting that gel matrix does not significantly affect the rates of transcription and translation. The time-dependent dissipation of the fluorescence pattern (Figure 3c and Supplementary Figure 4) is due to diffusion of the protein (GFP), rather than DNA moiety of colonies; the latter remains essentially compact (Figure 3d) . Furthermore, protein diffusion is significant only after the first hour of the reaction, when translation levels are off (Supplementary Figure 4) and GFP fluorescence becomes detectable (Figure 3c ) despite a delay caused by the slow reaction of protein fluorophore formation.
By comparing the fluorescence intensities of colonies with those of known amounts of pre-synthesized mature GFP (see Supplementary Figure 4) , we inferred that one colony contained on average 10 9 GFP molecules. This corresponds to a surface density of $40 pg of protein per square millimeter, which is sufficient for the detection of synthesized proteins by routine assays (as low as 1 pg or even smaller amount of protein can be detected with commercially available kits, as reported by vendors; see, e.g. http://www.bio-rad.com, http:// www.amershambiosciences.com, http://www.piercenet.com), and implies that in this system, $10 protein molecules are synthesized per each DNA template.
DISCUSSION
In this study, we demonstrated that genes can be cloned, expressed and screened entirely in vitro and in situ, without any involvement of living cells. This has been made possible by carrying out gene amplification, transcription and translation reactions in a gel. In this format, copies of each amplifiable DNA molecule concentrate, together with their expression products, around the progenitor template in the form of a spherical colony (14, 15) . In certain sense, each molecular colony may be considered as a non-enveloped cell whose 'genome' is comprised of multiple copies of a single gene.
It should be noted that several methodologies based on the exhaustive dilution principle, such as digital PCR (32) , sorting on oligonucleotide arrays (33), on microbeads (34), or on microbeads contained in water-in-oil emulsion compartments (35, 36) , could provide for obtaining individual clones, e.g. when the sorting compartments are rarely populated or when the DNA-to-beads ratio is low. However, in contrast to molecular colonies which, like bacterial colonies, inherently represent clones, the use of such technologies does not automatically lead to obtaining molecular clones, and clonal purity of the resulting preparations needs to be verified by direct methods. Therefore, in vivo cloning, such as in bacterial cells, is used at final steps to isolate and analyze individual clones from the obtained samples (37) , and the use of terms 'sorting' and 'enrichment', rather than 'cloning', is more justified in these cases.
The technology reported here can be immediately used as a research tool in a number of areas. As far as each gene is physically linked to its expression product by being located in the same molecular colony, such a molecular colony display could aid to identification of genes performing certain functions, and could complement in vivo display methods (38) for rapid high-throughput screening of protein or peptide libraries, alone or at final steps of in vitro selection procedures, such as DNA (11), mRNA (10) or ribosome (8,9) display. The generated 2-D pattern of expressible molecular colonies can function as a sort of self-assembling DNA, RNA or protein array. Transcription in molecular colonies could be helpful for rapid selection of ribozymes and RNA aptamers (30) . Further developments of this technology will likely include replacement of PCR with isothermal methods, such as 3SR (39) , NASBA (40), strand-displacement (41) or rolling-circle amplification (42) and use of cell-free translation systems entirely composed of purified components (6) .
In a number of respects, the reported technology is advantageous over the in vivo cloning and display methods. It is the first technology that provides for true molecular cloning, rather than cloning of cells or viruses harboring the gene of interest. Therefore, there is no need in cloning vectors, in the transformation of cells (which is always inefficient), or in isolating the cloned genes from cellular DNA. This allows up to 100% members of a genetic library to be cloned, expressed and tested compared from 0.0001 to 0.01% characteristic for methods relying on vectors and cell transformation (30) . Unlike in vivo display methods, linking of a protein or peptide to its gene is achieved without fusing it to a tag sequence or to another protein; therefore, its native fold and properties are not disturbed. Many genes and their expression products can be simultaneously tested in molecular colonies directly, because there are no cell walls, membranes or emulsion compartments. Moreover, the expressed clones can be interrogated under conditions different from the transcription/translation and analytes can be soaked into the gels to detect activity of the macromolecules synthesized in colonies. Finally, genes can be amplified and expressed in the absence of natural selection and in the presence of unnatural nucleotides and amino acids.
In conclusion, we would like to note that demonstration of the capability of molecular colonies to synthesize proteins has an interesting implication for the pre-cellular RNA world namely, that RNA colonies possibly growing in moist clays or other porous substrates (26, 43) might have created a translation apparatus and became selectable by functions of the encoded proteins even before they acquired a membrane envelope.
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